Introduction
Radiation therapy is one of the most important treatment modalities for cancer therapy alongside surgery and chemotherapy. However, a major problem associated with radiation therapy in the clinical setting is that, in many cases, local control of the tumor cannot be achieved using this modality alone. This has driven researchers into radiosensitizers, i.e., compounds that enhance the intrinsic sensitivity of cancer cells to ionizing radiation (IR). Several compounds, including halogenated pyrimidines and nitroimidazole derivatives, show radiosensitizing effects in cancer cells [1] ; however, clinical application of these compounds is limited because they are highly toxic to normal cell and tissues. Therefore, radiosensitizers with low toxicity to normal tissues are urgently needed.
The principal target for IR-induced killing of cancer cells is DNA [2] . Of the different types of DNA damage generated by IR, DNA double-strand breaks (DSBs) are thought to be the most cytotoxic. DSBs induced by IR are preferentially repaired by non-homologous end joining (NHEJ) [3, 4] , which joins the two broken DNA ends without the need for sequence homology. To enable NHEJ, the chromatin needs to be remodeled into an 'open' state so that the DNA repair proteins can access the DSB sites [5] . We previously reported that acetylation of histone proteins at DSB sites by the histone acetyltransferases (HATs), TIP60, CBP and p300, facilitates NHEJ through chromatin remodeling [6] . This suggests that the inhibition of HAT activity will radiosensitize cancer cells by suppressing NHEJ. In line with this, we and others demonstrated that several natural compounds with HAT-inhibitory activity are able to radiosensitize cancer cells [6] [7] [8] [9] [10] [11] [12] . Since some of these compounds are safe when administered to humans [13] [14] [15] , they could potentially be used as radiosensitizers in a clinical setting. Here, we discuss the role of HATs in NHEJ, the radiosensitizing effects of compounds with HAT-inhibitory activity, and the prospects for the clinical application of these compounds.
Radiosensitization by HAT inhibition

HATs are involved in chromatin remodeling required for DNA repair
Chromosomal DNA and histones form a highly condensed structure known as chromatin. During the repair of DNA DSBs, the accessibility of DNA repair proteins to the DSB sites on chromosomal DNA is regulated by the relaxation of the chromosome structure via chromatin remodeling. Remodeling is mediated by both covalent (histone modifications, e.g., acetylation) and non-covalent (ATPase-dependent chromatin remodeling) interactions (Figure 1) . Several studies show that the acetylation of histones located at the DSB sites is a critical step for DNA repair [16] [17] [18] ; however, the HATs involved in NHEJ have not been fully identified. 
Cell-based NHEJ activity assay
We developed a new assay system for evaluating NHEJ repair of DSBs in the chromosomal DNA in living human cells [6, 18] because the existing NHEJ assays used only nonchromosomal (i.e., plasmid) DNA. The assay design is outlined in Figure 2 . The IRES-TK-EGFP plasmid, which contains two recognition sites for I-SceI endonuclease [20] in the reverse direction, was integrated into the chromosomal DNA of H1299 human lung cancer cells as a substrate for DSBs and subsequent NHEJ repair. Human genomic DNA does not contain I-SceI sites; therefore, the I-SceI protein transiently expressed after transfection of the I-SceI expression plasmid specifically cleaves the two I-SceI sites in the substrate DNA to yield DSBs with incompatible ends. This results in DSBs in the chromosomal DNA. NHEJ of the two broken DNA strands results in deletion of the herpes simplex virus-thymidine kinase (TK) open reading frame and leads to the production of a transcript that enables the translation of enhanced green fluorescent protein (EGFP) instead of the TK protein. Therefore, the efficiency of NHEJ can be assessed by monitoring EGFP production. In addition, the DSBs produced by I-SceI and the subsequent NHEJ of the two broken DNA strands can be monitored by quantitative PCR.
Nucleotide sequencing of the joined DNA revealed that ligation required no (or very little) sequence homology between the DNA ends, indicating that the DNA ends were joined via NHEJ. In addition, the contribution of other factors essential for the NHEJ of incompatible DNA ends (whose involvement was indicated by in vitro and in vivo plasmid-based assays) was also confirmed in the present chromosome-based in vivo assay. These factors are KU80 and DNA-PKcs (synapsis), Artemis and PALF (DNA end resection), POL and POL (gap filling), and LIG4 (ligation) [21, 22] .
HATs involved in NHEJ
To date, several distinct families of HAT proteins have been identified, including CBP, P300, PCAF, GCN5 and MYST (which includes TIP60) [23] . We investigated the effects of ablating CBP, P300, PCAF and TIP60 on NHEJ using the cell-based NHEJ activity assay. A decrease in the number of EGFP-positive cells was observed upon transfection with siRNA specific for CBP, P300 or TIP60, but not in cells transfected with siRNA specific for PCAF [6] . These results indicate that CBP, P300 and TIP60 are involved in NHEJ in human cells.
Natural compounds with HAT activity suppress NHEJ activity
Several compounds derived from natural ingredients show HAT-inhibitory activity ( Table  1) . Curcumin, a major curcumanoid found in the spice turmeric, is a specific inhibitor of the homologous HATs, CBP and P300 [24] . Anacardic acid, derived from the shell of Anacardium occidentale ('cashew nut'), inhibits P300, PCAF and TIP60 [7, 25, 26] , and Garcinol, found in the rind of Garcinia indica (mangosteen), inhibits P300 and PCAF [27] . The cell-based NHEJ activity assay was used to investigate the effects of curcumin, anacardic acid, and garcinol on NHEJ; the results showed that treatment with each compound decreased the proportion of EGFP-positive cells (Figure 3 ) [6, 8] . This indicates that these HAT inhibitors suppress NHEJ activity in vivo. 
HAT inhibitors radiosensitize cancer cells
Because DNA DSBs induced by IR are preferentially repaired by NHEJ [3, 4] , and HAT inhibitors suppress the activity of NHEJ, it is thought that HAT inhibitors may enhance the intrinsic sensitivity of cancer cells to IR. In line with this, the radiosensitizing effects of curcumin, anacardic acid and garcinol have been studied by ourselves and others both in vitro and in vivo (see Table 2 ); however, it is not certain that the observed radiosensitizing effects of these compounds is entirely due to their HAT-inhibitory activity, since they may also affect many other proteins or pathways considered to be important for the cancer cell survival (see Table 1 ). In our own study, garcinol showed the strongest radiosensitization effect of the compounds tested. A nontoxic concentration of garcinol (4 uM) inhibited NHEJ without significantly affecting the DNA damage checkpoint ( [7] 2006 FEBS Lett Garcinol Cells A549, HeLa Oike, et al. [8] 2012 Int J Radiat Oncol Biol Phys Table 2 . Radiosensitization by HAT inhibitors.
Clinical studies using compounds with HAT-inhibitory activity
There are several clinical studies reporting the administration of compounds with HATinhibitory to humans ( Table 3) . Curcumin has been used, either alone or combined with radiation therapy and/or chemotherapeutic agents, to treat cancer patients, and garcinol has been used for weight-loss therapy. Although not all of the studies were designed to specifically evaluate the radiosensitizing effects of these compounds, the data will be of help to estimate their toxicity. The available data indicate that the side effects of these compounds are tolerable, at least when used alone. Table 3 . Clinical studies using compounds with HAT-inhibitory activity.
Conclusions/perspectives
The growing incidence of cancer worldwide indicates that radiation therapy will become increasingly significant as a cancer treatment [28] . Enhancing the efficacy of IR against cancer cells is urgent needs local control of tumors. As discussed in this article, radiosensitization of cancer cells by compounds with HAT-inhibitory activity has been reported at the level of basic research. Clinical studies indicate that some of these compounds can be administered to human patients with low systemic toxicity. Taken together, the available data suggest that compounds with HAT-inhibitory activity are promising candidates for radiosensitizers that may be applicable in clinical settings. However, the detailed mechanisms by which these compounds radiosensitize cancer cells are still largely unknown. Moreover, it is unclear whether these compounds can achieve adequate levels of radiosensitization in humans at a dose that shows no (or at least low) toxicity. Further investigations will establish whether HAT inhibitors can be used clinically to radiosensitize cancer cells.
